The fatty acid profile of rainbow trout liver cells modulates their tolerance to methylmercury and cadmium by Ferain, Aline et al.
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a  b  s  t  r  a  c  t
The  polyunsaturated  fatty  acid  (PUFA)  composition  of  ﬁsh  tissues,  which  generally  reﬂects  that  of  the
diet,  affects  various  cellular  properties  such  as membrane  structure  and  ﬂuidity,  energy  metabolism  and
susceptibility  to oxidative  stress.  Since  these  cellular  parameters  can  play  an  important  role  in the  cellular
response  to organic  and  inorganic  pollutants,  a variation  of  the  PUFA  supply  might modify  the  toxicity
induced  by  such  xenobiotics.  In this  work,  we  investigated  whether  the  cellular  fatty  acid proﬁle  has  an
impact  on  the  in  vitro  cell  sensitivity  to two environmental  pollutants:  methylmercury  and  cadmium.
Firstly,  the fatty  acid composition  of  the rainbow  trout  liver  cell  line  RTL-W1  was modiﬁed  by enriching
the  growth  medium  with  either  alpha-linolenic  acid (ALA,  18:3n-3),  eicosapentaenoic  acid  (EPA,  20:5n-3),
docosahexaenoic  acid (DHA,  22:6n-3),  linoleic  acid  (LA,  18:2n-6),  arachidonic  acid  (AA, 20:4n-6)  or  docos-
apentaenoic  acid  (DPA,  22:5n-6).  These  modiﬁed  cells  and  their  control  (no  PUFA  enrichment)  were then
challenged  for 24  h  with  increasing  concentrations  of methylmercury  or cadmium.  We  observed  that  (i)
the phospholipid  composition  of the  RTL-W1  cells  was  profoundly  modulated  by changing  the  PUFA con-
tent  of the  growth  medium:  major  modiﬁcations  were  a high  incorporation  of the  supplemented  PUFA  in
the  cellular  phospholipids,  the  appearance  of direct  elongation  and  desaturation  metabolites  in  the  cellu-
lar phospholipids  as  well  as a  change  in  the  gross  phospholipid  composition  (PUFA  and  monounsaturated
fatty  acid  (MUFA)  levels  and  n-3/n-6  ratio);  (ii)  ALA,  EPA and  DPA  enrichment  signiﬁcantly  protected  the
RTL-W1  cells  against  both  methylmercury  and cadmium;  (iv)  DHA  enrichment  signiﬁcantly  protected
the  cells  against  cadmium  but  not  methylmercury;  (v)  AA and  LA enrichment  had  no impact  on  the cell
tolerance  to both  methylmercury  and  cadmium;  (vi)  the  abundance  of 20:3n-6,  a metabolite  of  the  n-
6  biotransformation  pathway,  in  phospholipids  was  negatively  correlated  to  the  cell  tolerance  to  both
methylmercury  and  cadmium.  Overall,  our  results  highlighted  the  importance  of  the  fatty  acid  supply  on
the tolerance  of  ﬁsh  liver  cells  to methylmercury  and  cadmium.
©  2016  Elsevier  B.V.  All  rights  reserved.. Introduction
The release of various pollutants in the environment, the degra-
ation and fragmentation of habitats, the overexploitation of
cosystems as well as global warming have increased the number
nd intensity of external stressors on aquatic organisms (Dudgeon,
010; Dudgeon et al., 2006). Shifts in water quality, ﬂow, tem-
∗ Corresponding author.
E-mail addresses: aline.ferain@uclouvain.be, alineferain@hotmail.com
A. Ferain).
ttp://dx.doi.org/10.1016/j.aquatox.2016.05.023
166-445X/© 2016 Elsevier B.V. All rights reserved.perature and nutrient availability are relevant examples of such
stressors. By moving an organism away from its optimum perfor-
mance in terms of growth and reproduction, these stressors may
inﬂuence survival and ﬁtness (Van Straalen, 2003). While many
studies focus on the effect of one stressor in otherwise optimal
conditions, responses to a stressor such as chemical pollution are
known to be inﬂuenced by environmental conditions (e.g. temper-
ature, nutritional status) (Holmstrup et al., 2010).
Chemical pollutants are ubiquitous stressors that can strongly
degrade aquatic ecosystems (Peters et al., 2013). Among these,
methylmercury (MeHg) and cadmium (Cd) occur at elevated con-
centrations in many aquatic environments and can pose signiﬁcant
172 A. Ferain et al. / Aquatic Toxicology 177 (2016) 171–181
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nzyme mediated reactions; E, hepatic microsomal elongase mediated reactions; C
roblems to organisms (Boening, 2000; Pan et al., 2010; Rytuba,
003). For example, anthropic release of MeHg and Cd in the
nvironment was historically associated with human health and
cological effects in the Japanese Minamata Bay (Harada, 1995)
nd in the Japanese prefecture of Toyama (Sebastian and Prasad,
014), respectively. However, the current stock of MeHg and Cd in
he environment is mainly due to their direct and indirect use in
umerous industrial, agricultural, medical and artistic applications,
he combustion of fossil fuels and the incineration of waste (Kidd
nd Batchelar, 2011; McGeer et al., 2011; Pan et al., 2010; Rytuba,
003).
MeHg and Cd are persistent in the environment and can bioac-
umulate in most aquatic organisms (Kidd and Batchelar, 2011;
cGeer et al., 2011). Whilst the aqueous route is most important for
d exposure, the dietary route accounts for 90% of the MeHg expo-
ure (Hall et al., 1997). MeHg is biomagniﬁed throughout aquatic
rophic webs (Lavoie et al., 2013; Rolfhus et al., 2011). In ﬁsh, Cd
s mainly accumulated in liver and kidneys (McGeer et al., 2011),
hereas MeHg is stored in a wide variety of organs including mus-
le, liver, kidney, spleen, gills, intestine and brain (McGeer et al.,
011). While Cd2+ has been shown to enter cells through facilitated
iffusion (McGeer et al., 2011), both passive and active transport
ave been suggested for MeHg cellular uptake (depending on the
ell type and on the metal speciation) (Heggland et al., 2009; Kidd
nd Batchelar, 2011). The two metallic compounds impair growth,
eproduction and survival (Kidd and Batchelar, 2011; McGeer et al.,
011; Sevcikova et al., 2011). They alter divalent ions metabolism,
nduce oxidative stress and trigger apoptosis (Kidd and Batchelar,
011; McGeer et al., 2011). For instance, MeHg and Cd can alter
he activity of many antioxidant enzymes, decreasing the cell abil-
ty to cope with reactive oxygen species (Kidd and Batchelar, 2011;
atovic´ et al., 2015; McGeer et al., 2011). Oxidative attacks to lipids
ay  lead to uncontrolled chain-reactions propagating the oxidative
amage throughout cell membranes (Catalá, 2012). This is partic-
larly the case with fatty acids with a high degree of unsaturation
polyunsaturated fatty acids (PUFAs) and highly unsaturated fatty
cids (HUFAs)) as they are very prone to oxidation.
In ﬁsh, the cellular fatty acid proﬁle of tissues such as muscle
nd liver is highly inﬂuenced by both dietary and environmental
arameters. Firstly, the fatty acid proﬁle globally reﬂects that of the
iet (Bell et al., 2004; Bell et al., 2001; Bell et al., 2006; Caballero
t al., 2002; Fonseca-Madrigal et al., 2005; Mourente and Bell, 2006;
etropoulos et al., 2009). Secondly, environmental conditions such
s temperature have also been reported to modulate the ﬁsh tissue
atty acid composition (Caballero et al., 2002; Snyder et al., 2012;
ijekoon et al., 2014). These shifts may  alter the organism ﬁtnessnd ability to cope with additional stressors, such as chemical pol-
utants, as lipids play a central role in ﬁsh metabolism. Indeed, they
rovide metabolic energy for maintenance, growth, reproduction
nd locomotion, maintain the structure and function of biologicalﬁsh hepatocytes. Abbreviation used: 5 and 6, microsomal fatty acid desaturase
xisomal fatty acid chain shortening.
membranes and are the precursors of highly bioactive molecules
such as the eicosanoids (Tocher, 2003).
As suggested by previous literature, the toxicity of MeHg and/or
Cd could target cell properties modulated by PUFA content such
as susceptibility to oxidative stress or membrane characteristics.
The cellular lipid proﬁle is thus likely to affect sensitivity to Cd and
MeHg, particularly in animals with variable lipid proﬁles such as
ﬁsh. Despite the potential sites of interaction between lipids and
pollutants, the inﬂuence of dietary lipids on metallic compounds
toxicity has received little attention. A few authors have assessed
whether the quality of the lipid supply can modulate the biologi-
cal response to MeHg (Grotto et al., 2011; Jayashankar et al., 2012;
Jin et al., 2008; Jin et al., 2007; Kaur et al., 2008; Kaur et al., 2007;
Nøstbakken et al., 2012a; Nøstbakken et al., 2012b; Olsvik et al.,
2011; Pal and Ghosh, 2012b; Remø et al., 2011) and Cd (Amamou
et al., 2015). Overall, these authors pointed out a protective effect
of ﬁsh oil and n-3 PUFAs against MeHg or Cd toxicity. In general
those studies focussed on only few selected n-3 PUFAs and on one
metallic compound. For instance, the impact of alpha-linolenic acid
(ALA, 18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3) and docosa-
hexaenoic acid (DHA, 22:6n-3) has been assessed on MeHg toxicity
in vitro (mouse and rat neural cells, ﬁsh and human renal cells)
and in vivo (brain, plasma, liver and kidneys of rats) but not on
Cd toxicity (Kaur et al., 2008; Kaur et al., 2007; Nøstbakken et al.,
2012a; Nøstbakken et al., 2012b; Pal and Ghosh, 2012a,b). To date,
the impact of n-6 PUFAs on metallic compounds sensitivity has
received very little attention as only one study investigated the
impact of arachidonic acid (AA, 20:4n-6) on the cell resistance to
MeHg in ﬁsh and human renal cells (Nøstbakken et al., 2012a). Com-
parisons between these studies are difﬁcult as the models and the
tested PUFAs and concentrations varied between studies.
In this study, we investigated the effect of n-3 and n-6 PUFAs on
the toxicity induced by both MeHg and Cd, using a cellular model.
Liver being an important site of interaction between lipids and
metallic compounds as it is the key organ for both detoxiﬁcation
and fatty acid metabolism, we conducted an in vitro experiment
based on rainbow trout liver cells (RTL-W1 cell line (Lee et al.,
1993)). Cells were artiﬁcially enriched with a speciﬁc PUFA from
either the n-3 (ALA, EPA or DHA) or the n-6 (linoleic acid (LA, 18:2n-
6), AA or docosapentaenoic acid (DPA, 22:5n-6)) pathway (Fig. 1)
before being exposed to MeHg or Cd during 24 h. After exposure,
cell viability was assessed and linked to the fatty acid proﬁle of the
cells.
2. Material and methods2.1. Cells, culture media and growth conditions
The RTL-W1 cell line derived from the liver of a 4 year old male
rainbow trout (Lee et al., 1993) was kindly provided by S. Bony
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INRA, France). Cells were routinely grown at 19 ◦C in 75 cm2 ﬂasks
Easyﬂasks Nunc, Life Technology, USA) containing 15 mL  of Lei-
ovitz’s L15 medium supplemented with 5% foetal bovine serum
FBS: PAA Laboratories, France) and 1% antibiotics (100 IU/mL
enicillin, 100 g/mL streptomycin). The culture medium was
enewed every two days. When 80% conﬂuence was  reached, i.e.
bout once a week, cells were detached with trypsin 0.125% in
hosphate-buffered saline supplemented with 0.03% ethylenedi-
mine tetraacetic acid (PBS-EDTA) before being subcultured into
 new 75 cm2 ﬂask. Cell counts and routine viability measure-
ents were made on a Bürker cell in presence of Trypan Blue as
n exclusion dye. Cells were regularly checked for the absence of
ycoplasma (MycoAlert kit, Promega, The Netherlands).
.2. Experimental design
The experimental sequence used was the following: (i) fatty
cid proﬁle manipulation during 7 days by incubating RTL-W1 cells
n a medium enriched or not (control) in a speciﬁc PUFA from
ither the n-3 pathway (experimental group 1: ALA, EPA, DHA) or
he n-6 pathway (experimental group 2: LA, AA, DPA); (ii) fatty
cid proﬁle determination of the control and PUFA-enriched cell
atches; (iii) metal challenge (CH3HgCl or CdCl2) during 24 h and
iability assessment via the CellTiter-Blue (CTB) assay (Promega,
he Netherlands) and the 5-carboxyﬂuorescein diacetate, ace-
oxymethyl ester (5-CFDA,AM) assay (Life Technology, USA). This
equence was entirely repeated three times for each of the two
xperimental groups studied: n-3 pathway and n-6 pathway.
.3. PUFA enrichment
The PUFAs (Larodan, Sweden) were supplied as complexes with
atty acid free-bovine serum albumin (FAF-BSA) (4:1 mol:mol), as
escribed by Best et al. (2006). When 80% conﬂuence was reached,
ells maintained in routine growth conditions were harvested with
rypsin 0.0625% in PBS-EDTA and seeded at a density of 20,000
ells/cm2 in 75 cm2 ﬂasks containing 15 mL  PUFA-enriched media
50 M of a speciﬁc n-3 or n-6 PUFA, 12.5 M FAF-BSA, 2% FBS,
% antibiotics) or control medium (no PUFA, 12.5 M FAF-BSA, 2%
BS, 1% antibiotics). The incubation lasted 7 days during which the
nriched or control culture media were renewed twice. At the end
f the incubation period, each cell batch was harvested with trypsin
.0625% in PBS-EDTA and subdivided into two  parts of 4,000,000
iving cells each: one for the fatty acid proﬁle determination and
he other one for the metal challenge.
.4. Fatty acid proﬁle determination
.4.1. Sample preparation
The cell suspension was washed with 5 mL  ice-cold FAF-BSA
10 g/L in Leibovitz’s L15 medium) and re-suspended in 2 mL  ice-
old FAF-BSA (10 g/L in Leibovitz’s L15 medium) from which 0.1 mL
as used for protein quantiﬁcation and 2 × 0.8 mL  were used for
ipid extraction (for each sample, analyses were performed in
uplicate). For protein quantiﬁcation, the cell pellet was washed
ith L15/ex medium, a restrictive medium that contains the salts,
alactose and pyruvate of Leibovitz’s L15 medium at the same
oncentration as Leibovitz’s L15 medium (Dayeh et al., 2002).
hereafter, the cell pellet was lysed (lysis buffer: 60 mM Tris, 10 mM
DTA, 1% sodium dodecyl sulphate (w/w) in water). The lysates
ere kept at −20 ◦C until protein quantiﬁcation by the Bicin-
honinic acid (BCA) Protein Assay (Thermo Scientiﬁc Pierce, USA),
ith BSA as standard.ogy 177 (2016) 171–181 173
2.4.2. Lipid extraction
Total lipids were extracted with methanol:chloroform:water
(2:2:1.8 v:v:v) as described by Bligh and Dyer (1959). A
solution composed of 1,2-dipentadecanoyl-sn-glycero-3-
phosphatydylcholine (Larodan, Sweden), triheptadecanoin
(Larodan, Sweden) and tridecanoic acid (Larodan, Sweden)
was used as internal standard.
2.4.3. Lipid class separation
Total lipid extracts were separated by solid phase extraction into
three lipid fractions, i.e. neutral lipids, free fatty acids and phospho-
lipids, as described by Schneider et al. (2012).
2.4.4. Methylation and extraction
Neutral lipid, free fatty acid and phospholipid extracts were
methylated as described by Schneider et al. (2012) with minor
modiﬁcations to ensure sample concentration. Brieﬂy, eluted frac-
tions were evaporated to dryness under a stream of N2 at 30 ◦C and
methylated at 70 ◦C through the addition of 0.5 mL  methanol con-
taining KOH (0.1 M)  and a 1 h incubation followed by the addition
of 0.2 mL  of acidiﬁed methanol (1.2 M HCl) and a 15 min  incubation.
The resulting fatty acid methyl esters (FAMEs) were then extracted
using 1 mL  hexane.
2.4.5. Identiﬁcation and quantiﬁcation
FAMEs were separated by gas chromatography as described by
Schneider et al. (2012), with minor adaptations. The chromato-
graph (GC Trace-2000, Thermo Quest, Italy) was equipped with
an RT2560 capillary column (100 m × 0.25 mm internal diame-
ter, 0.2 m ﬁlm thickness: Restek, USA), a GC PAL autosampler
(CTC Analytics, Switzerland) and a ﬂame ionisation detector (FID:
Thermo Quest, Italy). The carrier gas used was H2 at constant
pressure (200 kPa) and ﬂow rate (2 mL/min). The FID was  contin-
uously ﬂowed by H2 (35 mL/min) and air (350 mL/min) and kept
at a constant temperature of 255 ◦C. The temperature program
was as follows: an initial temperature of 80 ◦C, which increased
at 25 ◦C/min up to 175 ◦C, a holding temperature of 175 ◦C during
25 min, a new increase at 10 ◦C/min up to 205 ◦C, a holding tem-
perature of 205 ◦C during 4 min, a new increase at 10 ◦C/min up
to 215 ◦C, a holding temperature of 215 ◦C during 25 min, a last
increase at 10 ◦C/min up to 235 ◦C and a ﬁnal holding tempera-
ture of 235 ◦C during 10 min. The resulting spectra were processed
with the ChromQuest software (version 4.2, ThermoFinnigan, Italy).
Methyl-undecanoate (Larodan, Sweden) was used as injection stan-
dard. Peak identiﬁcation and quantiﬁcation were enabled by the use
of an external standard, composed of 44 FAMEs (Larodan, Sweden).
2.5. Metal challenge and acute metal toxicity assessment
2.5.1. Metallic solutions
Three metallic stock solutions were prepared in cell culture
grade water: CH3HgCl (5 mM,  CAS 115-09-3, Sigma-Aldrich, USA)
and CdCl2 (30 and 100 mM,  CAS 7790-78-6, Fisher Chemical, UK).
Successive dilutions of these stock solutions in cell culture grade
water enabled the constitution of a stock solution set for each
metallic compound tested. The concentrations tested ranged from
0 to 100 M CH3HgCl and from 0 to 1000 M CdCl2. These con-
centration ranges were selected based on preliminary tests. The
working solutions were prepared fresh daily by diluting the stock
solution set by 100 times in L15/ex medium.
2.5.2. Metal challenge
After a 7 day incubation with a speciﬁc PUFA, cells were seeded
into 96-well black plates (Greiner Bio-One, Belgium), in their
respective PUFA-enriched medium, at a cell density of 20,000 living
cells per well. Additional wells were left empty from cells (blanks).
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Table  1
Fatty acid proﬁle of the RTL-W1 cells phospholipids after a 7 day-supplementation with 50 M PUFA (mol/g protein).
Fatty acid Control ALA EPA DHA LA AA DPA
14:0 9.6 ± 2.9 0.0 ± 0.0 * 2.9 ± 2.9 5.7 ± 2.9 0.0 ± 0.0 * 0.0 ± 0.0 * 2.3 ± 2.3
16:0  196.1 ± 21.6 138.4 ± 12.6 213.8 ± 15.2 143.2 ± 8.5 109.2 ± 13.5 194.0 ± 38.5 175.1 ± 26.7
18:0  104.9 ± 10.1 97.7 ± 9.6 114.1 ± 8.7 65.5 ± 2.5 70.0 ± 7.5 111.4 ± 20.6 93.5 ± 4.5
Total  SFA 310.6 ± 33.3 236.1 ± 22.2 330.8 ± 21.1 214.4 ± 13.6 179.2 ± 19.7 305.4 ± 58.9 270.8 ± 31.7
16:1n-7  12.8 ± 4.9 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.4 ± 1.4 0.0 ± 0.0
18:1n-718:1n-7 36.1 ± 4.5 15.9 ± 2.2 * 25.6 ± 1.6 11.0 ± 5.6 * 6.1 ± 3.1 * 21.8 ± 3.6 7.0 ± 7.0 *
18:1n-9  276.5 ± 33.7 107.4 ± 14.1 * 148.2 ± 11.4 98.5 ± 8.8 * 57.6 ± 4.7 * 129.5 ± 23.1 * 97.9 ± 25.6 *
Total  MUFA 325.4 ± 42.6 123.3 ± 16.2 * 173.7 ± 13.0 109.5 ± 13.8 * 63.7 ± 3.8 * 152.7 ± 26.7 * 104.9 ± 32.0 *
ALA  18:3n-3 0.0 ± 0.0 246.4 ± 29.7 * 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
20:3n-3  0.0 ± 0.0 12.0 ± 1.4 * 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
18:4n-3  0.0 ± 0.0 39.8 ± 8.0 * 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
20:4n-3 0.1 ± 0.1 4.0 ± 4.0 4.0 ± 4.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
EPA  20:5n-3 19.9 ± 2.9 29.6 ± 4.7 224.3 ± 14.8 * 21.0 ± 2.0 2.2 ± 2.2 * 0.0 ± 0.0 * 0.0 ± 0.0 *
22:5n-3  24.2 ± 4.1 15.7 ± 1.5 92.4 ± 9.0 * 29.6 ± 2.9 9.7 ± 1.5 * 10.4 ± 4.4 6.7 ± 3.6 *
DHA  22:6n-3 34.6 ± 5.9 20.2 ± 2.0 20.4 ± 1.8 188.3 ± 19.3 * 12.8 ± 1.6 * 9.6 ± 4.2 * 8.5 ± 4.7 *
Total  n-3 PUFA 78.8 ± 12.9 367.7 ± 48.5 * 341.0 ± 21.5 * 238.9 ± 23.9 * 24.7 ± 4.5 * 20.0 ± 8.6 * 15.2 ± 8.3 *
LA  18:2n-6 31.3 ± 4.8 23.7 ± 3.1 19.2 ± 1.3 13.0 ± 1.1 * 249.0 ± 30.9 * 16.9 ± 3.5 9.8 ± 5.0 *
20:2n-6  0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 4.7 ± 2.4 0.0 ± 0.0 0.0 ± 0.0
18:3n-6  2.0 ± 2.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 35.3 ± 3.5 * 1.0 ± 1.0 0.0 ± 0.0
20:3n-6  20.3 ± 3.0 2.0 ± 2.0 * 5.6 ± 2.8 * 1.8 ± 1.8 * 11.9 ± 1.2 15.0 ± 3.3 2.9 ± 2.9 *
AA  20:4n-6 52.6 ± 8.2 26.3 ± 2.9 * 31.9 ± 2.2 14.4 ± 1.1 * 23.1 ± 2.4 * 326.6 ± 53.5 * 24.8 ± 2.9 *
22:4n-6  0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 52.2 ± 8.1 * 0.0 ± 0.0
DPA  22:5n-6 0.0 ± 0.0 0.0±0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 327.9 ± 83.3 *
Total  n-6 PUFA 106.1 ± 17.1 52.0 ± 5.5 * 56.7 ± 3.2 29.1 ± 2.4 * 324.0 ± 28.3 * 411.7 ± 67.4 * 365.3 ± 93.2 *
Total  PUFA 184.9 ± 30.0 419.6 ± 53.4 * 397.7 ± 23.9 * 268.0 ± 25.7 348.6 ± 31.2 * 431.7 ± 72.9 * 380.5 ± 101.4
Total  820.8 ± 104.3 779.0 ± 91.2 902.2 ± 58.0 592.0 ± 53.0 591.6 ± 48.5 889.8± 158.2 756.2 ± 163.5
n-3/n-6  ratio 0.74 ± 0.01 7.07 ± 0.44 * 6.02 ± 0.27 * 8.23 ± 0.54 * 0.08± 0.01* 0.05 ± 0.02 * 0.03 ± 0.02*
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cata are expressed as means ± standard error of mean (n = 3, 4 or 7). Stars indic
lpha  = 0.05, p < 0.05). Abbreviation used: ALA, alpha-linolenic acid; EPA, eicosape
ocosapentaenoic acid; SFA, saturated fatty acid; MUFA, monounsaturated fatty aci
fter a minimum of 10 h incubation under routine growth condi-
ions (time needed to enable cell attachment), the medium was
emoved and each well was exposed to one concentration of either
H3HgCl ([0-100] M)  or CdCl2 ([0-1000] M)  in L15/ex medium
or 24 h. Five wells with cells and two blanks were exposed to each
ested concentration.
.5.3. Viability assays
After 24 h exposure, two cell viability assays were simultane-
usly performed: CTB and 5-CFDA,AM, to assess the metabolic
ctivity and the membrane integrity of the cells, respectively. CTB
onsists of a solution of resasurin, which is reduced in metabol-
cally active cells into the ﬂuorescent dye resoruﬁn. It therefore
eﬂects the reductase activity of the cells. 5-CFDA,AM is hydrolysed
y unspeciﬁc cytosolic esterase into the ﬂuorescent dye carboxyﬂu-
rescien. It therefore measures both the esterase activity of the cells
nd their membrane integrity as only an intact plasma membrane
an maintain the cytosolic milieu required to support the esterase
ctivity. The method described by Dayeh et al. (2005) has been
lightly adapted. Brieﬂy, the exposure medium was  replaced by
20 L of a reaction mix  composed of 16.7% (v:v) CTB and 0.1%
v:v) 5-CFDA,AM in L15/ex medium. Directly after the reaction
ix  addition, the emitted ﬂuorescence was recorded every 40 s
uring 26 min  using the Fluoroskan Ascent FL (Thermo Electron
orporation, USA) spectroﬂuorometer. The excitation and emission
avelengths were 530 and 590 nm for CTB and 435 and 530 nm for
-CFDA,AM.
.6. Data analyses
Graphs and statistical analyses were performed using JMP  PRO
1.0 software..6.1. Fatty acid proﬁle data analysis
For each biological replicate, the average of the duplicates was
alculated and used for further analyses. Data in the tables areniﬁcant differences as compared to the control (Wilcoxon Rank Sum Test, total
ic acid; DHA, docosahexaenoic acid; LA, linoleic acid; AA, arachidonic acid; DPA,
FA, polyunsaturated fatty acid.
reported as means (of the three biological replicates) ± standard
error of the mean. A Kruskal-Wallis test followed by a Wilcoxon
Rank Sum test were used to determine the statistical differences
between the respective treatments and the control, with a total
alpha set at 0.05. A statistical difference of p < 0.05 was considered
signiﬁcant.
2.6.2. Viability data analysis
For each well, after correction of the ﬂuorescence intensities by
the blank values, the slopes of the kinetics between 0.7 and 20 min
were determined and those with a coefﬁcient of determination (r2)
inferior to 0.85 were considered as equal to zero. The slope values
were expressed in percentage of the controls (cells; 0 M metal).
The averages of the ﬁve wells of the same condition were calculated
for each repetition and used for data modelling. Then, for each PUFA
and each metal, either a LogLogistic or a Brain & Cousens (in case of
a signiﬁcant hormesis effect) model was ﬁtted to the data from the
three independent repetitions (n = 3) (Schabenberger et al., 1999).
The EC50s and their conﬁdence interval (at 98.3%) were obtained
by estimating the parameters of the models. Differences were con-
sidered as being signiﬁcant (p < 0.05) when no overlapping of the
conﬁdence intervals (at 98.3%) was observed (Scheffczyk et al.,
2014). Inverse predictions enabled the determination of the con-
centration ranges within which the response (metabolic activity
or membrane integrity) was signiﬁcantly different between PUFA-
enriched and control cells.
2.6.3. Multivariate analysis
One principal component analysis was  performed using,
together, the fatty acid proﬁle data (% of the sum of the fatty
acids identiﬁed in the cell phospholipids, arcsine-root square trans-
formed) and the calculated EC50s (for MeHg and Cd).
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. Results
.1. Lipid composition of RTL-W1 cells
The fatty acid composition of phospholipids (Table 1), neutral
ipids (Supplementary data Table S1 in the online version at DOI:
0.1016/j.aquatox.2016.05.023) and free fatty acids (Supplemen-
ary data Table S2 in the online version at DOI: 10.1016/j.aquatox.
016.05.023) of the RTL-W1 cells were established after one week
ncubation in a medium supplemented or not with 50 M PUFA
ALA, EPA, DHA, LA, AA or DPA).
.1.1. Lipid class separation: importance of the phospholipids
The phospholipids accounted for 63.9–75.3% of the total cellular
ipids. Free fatty acids and neutral lipids represented 17.5–22.4%
nd 5.0–15.1% of the total cellular lipids, respectively. Free fatty
cids and neutral lipids classes were essentially composed of the
aturated fatty acids (SFAs) 16:0 and 18:0. The only PUFAs found in
hese two fractions were the supplemented ones.
.1.2. In vitro manipulation of the fatty acid proﬁle of RTL-W1
ell phospholipids
The phospholipid composition of the control cells (Table 1) glob-
lly reﬂected that of the FBS. Both were rich in monounsaturated
atty acids (MUFAs) and SFAs, mainly 18:1n-9, 16:0 and 18:0, and
ow in PUFAs. Indeed, FBS was composed of 23.4% PUFAs: 9.1% n-3
EPA, 22:5n-3 and DHA) and 14.4% n-6 (LA, 20:3n-6 and AA), leading
o a n-3/n-6 ratio of 0.63. Control cell phospholipids were composed
f 22.1% PUFAs: 9.4% n-3 (EPA, 22:5n-3 and DHA) and 12.7% n-6 (LA,
8:3n-6, 20:3n-6 and AA), leading to a n-3/n-6 ratio of 0.74.
Adding a speciﬁc PUFA in the culture medium for 7 days sig-
iﬁcantly changed the phospholipid composition of the RTL-W1
ells.
Firstly, the total n-3 PUFA content was signiﬁcantly higher in
he phospholipids of the cells incubated with a speciﬁc n-3 PUFA
p < 0.05), while n-6 PUFAs were signiﬁcantly more abundant in
he phospholipids of the cells incubated with a speciﬁc n-6 PUFA
p < 0.05). In addition, the phospholipids of the cells enriched in n-3
UFAs contained signiﬁcantly less n-6 PUFAs than those of the con-
rol cells (p < 0.05). This trend was however not signiﬁcant in the
PA-enriched cells (p = 0.068). Similarly, the amount of n-3 PUFAs
as signiﬁcantly lower in the phospholipids of the cells enriched in
-6 PUFAs than in the phospholipids of the control cells (p < 0.05).
s a result, the n-3/n-6 ratio was signiﬁcantly higher (by around
0 times) in the n-3 PUFA-enriched cells than in the control cells
p < 0.05) and signiﬁcantly lower (by around 10–20 times) in the
-6 PUFA-enriched cells, as compared to the control cells (p < 0.05).
he total PUFAs found in the cellular phospholipids signiﬁcantly
ncreased (p < 0.05) in cells supplemented with ALA, EPA, LA and
A while this increase was not signiﬁcant in DHA- (p = 0.172) and
PA-enriched cells (p = 0.068). Besides, the total MUFAs found in
he phospholipids signiﬁcantly dropped (between 47–80% drop) in
ach PUFA-treated cell batch (p < 0.05), mainly due to a signiﬁcant
rop in 18:1n-9, but without signiﬁcance in the EPA-enriched cells
p = 0.068). By contrast, both the total SFAs and the total phospho-
ipid levels remained similar in each experimental condition.
Secondly, a signiﬁcant increase of the amount of the speciﬁc
UFA added into the cell culture media was observed (from 188.3 up
o 327.9 mol/g protein) in the phospholipids of all enriched cells
p < 0.05), allowing the supplemented PUFA to become the main
atty acid within this fraction, accounting for 26–49% of the total
hospholipids.Thirdly, the amount of biotransformation products most sup-
osedly derived from the supplemented PUFA increased in all
nriched cells, indicating the presence of a bioconversion process
ia direct elongation and desaturation (see Fig. 1 for the biotrans-ogy 177 (2016) 171–181 175
formation pathways). The 18:4n-3 and 18:3n-6 levels signiﬁcantly
increased in cells respectively supplemented with ALA and LA
(p < 0.05), suggesting the occurrence of a 6 desaturase activity in
the RTL-W1 cells. Direct elongation products of ALA, EPA and AA,
i.e. 20:3n-3, 22:5n-3 and 22:4n-6, also signiﬁcantly increased in
cells enriched in these PUFAs (p < 0.05). Similarly, traces of 20:2n-6
were found in the LA-enriched cells. However, the amounts of the
biotransformation products, resulting from a second step of elonga-
tion/desaturation were not different between enriched and control
cells, indicating no further elongation and desaturation of the six
above-mentioned metabolites.
Fourthly, the cells supplemented with a speciﬁc n-6 PUFA were
signiﬁcantly lower in the n-3 PUFAs EPA, 22:5n-3 and DHA, than
the control cells (p < 0.05). This trend was  however not signiﬁcant
for 22:5n-3 in the AA-enriched cells (p = 0.073).
Finally, most treatments affected the cellular levels of the n-6
PUFAs LA, 20:3n-6 and AA. Indeed, the amount of LA was lower
in cells enriched in DHA, AA and DPA than in the control cells
(p < 0.05). This trend was  however not signiﬁcant in AA-enriched
cells (p = 0.073). In addition, the AA level was  lower in cells enriched
in ALA, DHA, LA and DPA than in the control cells (p < 0.05). Besides,
the levels of 20:3n-6 were lowered by a factor of 10.2, 3.6, 11.3
and 9 in cells respectively supplemented with ALA, EPA, DHA  and
DPA, as compared to the control cells (p < 0.05). A similar trend was
observed in LA-enriched cells but without signiﬁcance (p = 0.068).
3.2. RTL-W1 cells response to an acute metal challenge
After one week of incubation with a speciﬁc PUFA, enriched and
control cells were challenged for 24 h with increasing concentra-
tions of MeHg or Cd in a serum- and PUFA-free medium. The cell
viability was assessed by measuring simultaneously the metabolic
activity (CTB assay, Figs. 2 and 3) and the membrane integrity
(5-CFDA,AM assay, Supplementary data Figs. S1 and S2 in the online
version at DOI: 10.1016/j.aquatox.2016.05.023) of the cells. The
two metallic compounds caused a dose-dependent decline in cell
viability, regardless of the PUFA-enrichment or the toxicity test.
3.2.1. ALA, EPA, DHA and DPA: four PUFAs increasing the cell
tolerance to MeHg and/or Cd
The enrichment in ALA, EPA and DPA signiﬁcantly increased the
cell tolerance to MeHg as measured through the metabolic activ-
ity. Indeed, the dose-response curves were shifted to the right for
cells enriched in these three PUFAs, compared to the control cells
(Fig. 2a,b and Fig. 3c). Based on the dose-response models, the
metabolic activity of ALA-, EPA- and DPA-enriched cells was signif-
icantly higher than that of the control cells for the respective MeHg
concentration ranges [0.39–11.47], [0.13–8.83] and [0.24–3.17] M
(p < 0.05) (Fig. 2a,b and Fig. 3c). Besides, the calculated MeHg EC50s
were respectively 4.0, 4.5 and 3.2 times higher for cells enriched in
ALA, EPA and DPA than the MeHg EC50 for the control cells (p < 0.05)
(Table 2).
The enrichment in ALA, EPA, DHA and DPA increased the cell tol-
erance to Cd assessed through the metabolic activity. Indeed, based
on the dose-response models, ALA-, EPA-, DHA- and DPA-enriched
cells were signiﬁcantly more metabolically active than the control
cells for the Cd concentration ranges [35.8–555.6], [36.6–331.8],
[67.0–191.6] and [0.1–39.6] M,  respectively (p < 0.05) (Fig. 2d–f
and Fig. 3f). The calculated Cd EC50s were respectively 3.0, 2.9
and 1.9 times higher for cells enriched in ALA, EPA and DHA than
for the control cells (p < 0.05) (Table 2). While the DPA enrich-
ment did not signiﬁcantly affect the Cd EC50 (Table 2), it induced a
hormesis effect, i.e. a beneﬁcial effect at low Cd dose (Fig. 3f). The
hormesis term of the parametrisation of the Brain & Cousens model
(Schabenberger et al., 1999) was  signiﬁcant: 2.30 [0.57–4.88)]
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Fig. 2. Metabolic activity of the RTL-W1 cells enriched (black) or not (grey) in a speciﬁc n-3 PUFA (ALA, EPA or DHA) and challenged with increasing concentrations of MeHg
(a–c)  or Cd (d–f) during 24 h. Plain curves represent the LogLogistic prediction models; dotted curves represent the conﬁdence intervals at 98.3% for the predictions. Points
represent the mean metabolic activities of the cells challenged at speciﬁc MeHg or Cd concentrations (n = 3). The dotted arrows delimit the metal concentration ranges within
which the predicted metabolic activity of cells enriched with a speciﬁc n-3 PUFA is signiﬁcantly higher than that of the control cells. Abbreviation used: ALA, alpha-linolenic
acid;  EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; MeHg, methylmercury; Cd, cadmium.
Fig. 3. Metabolic activity of the RTL-W1 cells enriched (black) or not (grey) in a speciﬁc n-6 PUFA (LA, AA or DPA) and challenged with increasing concentrations of MeHg
(a–c)  or Cd (d–f) during 24 h. Plain curves represent the LogLogistic or Brain & Cousens prediction models; dotted curves represent the conﬁdence intervals at 98.3% for the
predictions. Points represent the mean metabolic activities of the cells challenged at speciﬁc MeHg or Cd concentrations (n = 3 or 4). The dotted arrows delimit the metal
concentration ranges within which the predicted metabolic activity of cells enriched with a speciﬁc n-6 PUFA is signiﬁcantly higher than that of the control cells. Abbreviation
used:  LA, linoleic acid; AA, arachidonic acid; DPA, docosapentaenoic acid; MeHg, methylmercury; Cd, cadmium.
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Table  2
EC50s of MeHg and Cd for metabolic activity (as measured by the CTB assay) in RTL-W1 cells enriched in different fatty acids.
The  EC50s and their conﬁdence interval (at 98.3%) were obtained by estimating the parameters of the LogLogistic models, which were ﬁtted to the data from the three
independent repetitions (n = 3). Abbreviation used: MeHg, methylmercury; EC50, median effect concentration; Cd, cadmium; PUFA, polyunsaturated fatty acid; ALA, alpha-
linolenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; LA, linoleic acid; AA, arachidonic acid; DPA, docosapentaenoic acid
PUFA enrichment MeHg EC50 Cd EC50
Estimation
(M)
Conﬁdence
interval (M)
Fold change
(compared to the
control)
Estimation
(M)
Conﬁdence
interval (M)
Fold change
(compared to the
control)
Control n-3 0.73 [0.51–1.01] 1.0 72.5 [52.3–94.6] 1.0
ALA  2.90 [1.66– 4.79] 4.0 214.7 [161.7–275.8] 3.0
EPA  3.25 [2.22– 4.61] 4.5 207.0 [144.2–290.1] 2.9
DHA 1.68 [0.92– 2.92] 2.3 140.3 [102.5–182.3] 1.9
Control n-6 1.11 [0.70– 1.72] 1.0 62.3 [49.8–75.7] 1.0
.5 70.6 [49.9–95.6] 1.1
.4 82.7 [68.2–98.0] 1.3
.2 89.7 [72.5–110.6] 1.4
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Table 3
Principal component analysis loadings.
PC1 PC2 PC3
14:0 (1) −0.46 0.58 0.12
16:0 (2) −0.49 0.50 −0.56
18:0  (3) 0.00 −0.08 −0.39
16:1n-7  (4) −0.54 0.30 0.16
18:1n-7 (5) −0.35 0.45 0.25
18:1n-9 (6) −0.60 0.60 0.02
ALA  (7) 0.81 0.07 0.21
20:3n-3 (8) 0.81 0.07 0.21
18:4n-3 (9) 0.81 0.08 0.21
20:4n-3 (10) 0.39 0.29 0.17
EPA  (11) 0.26 0.74 0.22
22:5n-3 (12) 0.05 0.72 0.32
DHA (13) −0.09 0.48 0.24
LA  (14) −0.14 −0.54 0.76
20:2n-6 (15) −0.08 −0.56 0.62
18:3n-6 (16) −0.16 −0.66 0.64
20:3n-6 (17) −0.72 −0.16 0.31
AA  (18) −0.27 −0.40 −0.41
22:4n-6  (19) −0.15 −0.44 −0.44
DPA  (20) 0.13 −0.24 −0.56
EC50 MeHg 0.70 −0.20 −0.49
EC50 Cd 0.83 0.43 0.09
Part  of the total variance explained (%) 24.10 19.70 15.10
Cumulative part of the variance explained (%) 24.10 43.80 58.90
The principal component analysis was performed using, together, the fatty acid pro-
ﬁle data (expressed as percentages of the sum of the fatty acids identiﬁed in the
cell phospholipids, arcsine-root square transformed) and the calculated EC50s (for
MeHg and Cd). A loading is the correlation between one variable and one princi-
pal  component. Numbers in brackets refer to the eigenvectors representation used
in the biplot (see Fig. 3). Abbreviation used: PC, principal component; ALA, alpha-
linolenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; LA, linoleic
acid; AA, arachidonic acid; DPA, docosapentaenoic acid; EC50, median effect con-
centration; MeHg, methylmercury; Cd, cadmium.LA  1.65 [0.92– 2.79] 1
AA  2.62 [1.31– 4.80] 2
DPA  3.58 [2.50–5.14] 3
Supplementary data Table S4 in the online version at DOI: 10.1016/
.aquatox.2016.05.023).
The DPA supplementation signiﬁcantly increased the cell tol-
rance to both MeHg and Cd evaluated through measuring the
embrane integrity. Indeed, as for the CTB assay, we  observed,
or the 5-CFDA,AM assay, a shift to the right of the dose-response
urves for the DPA-enriched cells compared to the control cells
Supplementary data Fig. S2c,f). Based on the dose-response
odels, the membrane integrity in the DPA-enriched cells was sig-
iﬁcantly higher than in the control cells after exposure to MeHg
oncentrations ranging from 1.41 to 5 M and to Cd concentra-
ions ranging from 10.8 to 126.3 M (p < 0.05) (Supplementary data
ig. S2c,f in the online version at DOI: 10.1016/j.aquatox.2016.05.
23). The calculated MeHg and Cd EC50 values increased respec-
ively by 2.0 and 1.5 times in comparison to the controls in case
f a MeHg or Cd challenge (p < 0.05) (Supplementary data Table S3
n the online version at DOI: 10.1016/j.aquatox.2016.05.023). The
ther PUFAs had no impact on the viability decline (in terms of
embrane integrity) caused by either MeHg or Cd (Supplementary
ata Figs. S1a,b,d,e and 2a,b,d,e in the online version at DOI: 10.
016/j.aquatox.2016.05.023).
.3. Multivariate analysis
In order to highlight relationships between the phospholipid
omposition of the RTL-W1 cells and their resistance to MeHg and
d, we performed a principal component analysis with data from
oth the fatty acid proﬁle (phospholipid fraction) and the metal
hallenge (calculated EC50s for MeHg and Cd). The three ﬁrst prin-
ipal components (PC) explained 58.9% of the total variance. PC1,
C2 and PC3 explained 24.1, 19.7 and 15.1% of the total variance,
espectively (Table 3, Fig. 4). The three ﬁrst components clearly
eparated the PUFA-enriched groups from each other and from the
ontrols (Fig. 4). The ﬁrst axis of the principal component analysis
eparated cells with a high resistance to both MeHg and Cd from
ess resistant cells while the second and the third axes separated
ells with a higher tolerance to MeHg from those more tolerant to
d (Fig. 4). The higher resistance to both MeHg and Cd was asso-
iated with a high phospholipid content in n-3 PUFAs, mainly ALA,
8:4n-3 and 20:3n-3 (PC1) and a lower phospholipid content in n-6
UFAs, mainly 20:3n-6, LA, 18:3n-6 and 20:2n-6 (PC1, PC2, PC3)
Table 3). Besides, some fatty acids were speciﬁcally associated
ith a higher resistance to one metallic compound only. Indeed,
 higher phospholipid content in n-3 HUFAs, mainly EPA, 22:5n-3
nd DHA, was associated with a higher cellular resistance to Cd
PC2) but not to MeHg (PC3) (Table 3). In contrast, a higher phos-
holipid content in n-6 HUFAs, mainly DPA, 22:4n-6 and AA, was
ssociated with a higher cellular resistance to MeHg (PC3) but notto Cd (PC2) (Table 3). Finally, a higher phospholipid content in both
MUFAs (mainly 18:1n-9 and 16:1n-7) and SFAs (mainly 16:0 and
14:0) was associated in PC1 with a lower resistance to both MeHg
and Cd (Table 3). However, the opposite relationship was observed
with both MUFAs and SFAs in PC2 and with SFAs in PC3. Indeed, a
higher phospholipid content in both MUFAs (e.g. 18:1n-9) and SFA
(e.g. 16:0) was  linked to a higher resistance to Cd (PC2) (Table 3).
In addition, a higher phospholipid content in SFAs (e.g. 16:0) was
associated to a higher resistance to MeHg (PC3). These contradic-
tions reduce the plausibility of a preponderant role of the MUFA
phospholipid level in modulating the toxicity of MeHg, on the one
hand, and of the SFA phospholipid level in modulating the toxicity
of both MeHg and Cd, on the other hand.
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Fig. 4. Principal component analysis biplot. The principal component analysis was
performed using, together, the fatty acid proﬁle data (expressed as percentages of
the sum of the fatty acids identiﬁed in the cell phospholipids, arcsine-root square
transformed) and the calculated EC50s (for MeHg and Cd). Numbers associated to the
eigenvectors refer to a speciﬁc fatty acid that composed the cellular phospholipids
(see Table 3). Abbreviation used: ALA, alpha-linolenic acid; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid; LA, linoleic acid; AA, arachidonic acid; DPA, docos-
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. Discussion
In the present study, we successfully modulated the phos-
holipid composition of the RTL-W1 cells and highlighted the
orrelation between that phospholipid composition and cell sen-
itivity to MeHg and Cd.
The lipid composition of ﬁsh tissues is known to globally reﬂect
hat of the diet (Bell et al., 2004; Bell et al., 2001; Bell et al., 2006;
aballero et al., 2002; Fonseca-Madrigal et al., 2005; Mourente and
ell, 2006; Petropoulos et al., 2009). Similarly, the phospholipid
omposition of in vitro cultured ﬁsh cells globally reﬂects that of the
rowth media (Tocher et al., 1988). This property was  successfully
sed in the literature (Gregory et al., 2011; Tocher, 1990; Tocher
nd Dick, 1990) and in the present study to change the phospholipid
omposition of ﬁsh cells. Cells differing in their phospholipid com-
osition but from the same origin can thus be obtained by changing
heir lipid supply.
The PUFA supplementation had no impact either on the propor-
ions of the three cellular lipid classes analysed or on the total lipid
ontent of the cells: cellular lipids were mainly phospholipids and
he total phospholipid content was kept constant independently
f the PUFA treatment applied. Similar observations were made
n the Atlantic salmon cell line (AS) supplemented with 25 M
LA or LA (Tocher and Dick, 1990). This result indicates that the
odiﬁcation of the phospholipid composition of the RTL-W1 cells
esulted from phospholipid turnover rather than from phospho-
ipid accumulation. This turnover was rather efﬁcient as at least
0% of the cellular phospholipid composition was signiﬁcantly
hanged after one week of PUFA supplementation. Major changes
bserved included a high integration of the supplemented PUFA
n the cellular phospholipids, the occurrence of direct elongation
nd desaturation metabolites in the cellular phospholipids as well
s a modiﬁcation of the gross phospholipid composition (MUFA
nd PUFA levels as well as n-3/n-6 ratio). The high integration ofogy 177 (2016) 171–181
the supplemented PUFA is in accordance with previous literature
(Buzzi et al., 1996; Gregory et al., 2011; Tocher, 1990) and corrobo-
rates the importance of the lipid composition of the growth media
in deﬁning the phospholipid composition of ﬁsh cell culture.
Freshwater ﬁsh such as rainbow trout are known to be
able to synthesize EPA and DHA from ALA (Buzzi et al., 1996;
Fonseca-Madrigal et al., 2005; Mourente and Tocher, 1998). How-
ever, no signiﬁcant increase of the EPA and DHA levels was  observed
after ALA supplementation. Instead, we  observed a signiﬁcant accu-
mulation of its direct desaturation and elongation metabolites
(18:4n-3 and 20:3n-3), which were not shown to accumulate in vivo
(Tocher, 2003). Similarly, the supplementation with EPA led to
a signiﬁcant accumulation of its elongation metabolite (22:5n-3)
while no signiﬁcant increase of DHA was  observed. Similar obser-
vations were made in cells enriched in the n-6 PUFAs LA and AA
as expected since the biotransformation of n-3 and n-6 fatty acids
requires the same enzymes (Tocher, 2003). The supplementation
with LA was  associated with an increase of the phospholipid lev-
els of its desaturation (18:3n-6) and elongation (20:2n-6, in traces)
metabolites without any change in the phospholipid levels of AA
and DPA. Likewise, the supplementation with AA led to the accu-
mulation of its elongation metabolite (22:4n-6) while no increase
of DPA was  observed. The reduction of the ability to synthetize sig-
niﬁcant amounts of valuable HUFAs such as EPA, DHA and AA from
their respective precursors ALA and LA has been already observed
after long-term ﬁsh cell culture (Gregory et al., 2011; Tocher, 1990;
Tocher and Dick, 1990). While this low in vitro biotransformation
capacity could be disadvantageous when attempting to reproduce
in vivo conditions, it is interesting as it allows studies of the biolog-
ical role of the HUFA-precursors ALA, EPA and LA, independently
from their indirect role as HUFA-providers.
In the present study, we  used the RTL-W1 cell line to assess the
impact of individual PUFAs on ﬁsh liver cells sensitivity to MeHg
and Cd. Our results indicate that enrichment in speciﬁc PUFAs
was associated with an increase in cell resistance to MeHg (ALA,
EPA, DPA) and Cd (ALA, EPA, DHA, DPA). The protective impact
of these PUFAs might have occurred through (i) the decrease of
the metal cellular uptake due to modiﬁcations of membrane lipid
composition and/or (ii) the modulation of intracellular parameters
increasing the cell resistance to the damages induced by metals.
Modiﬁcations of the lipid composition of biological membranes
is likely to inﬂuence its permeability, ﬂuidity and functions such
as ion transport (Arts and Kohler, 2009; Tillman and Cascio, 2003).
Since Cd2+ uptake occurs through transport pathways of essential
metals, its absorption efﬁciency might be affected by modiﬁcations
of membrane properties (Klinck and Wood, 2011; McGeer et al.,
2011). However, to our knowledge, the inﬂuence of the membrane
lipid composition on cellular Cd uptake has never been investigated
yet.
Changes in membrane properties might also inﬂuence both
active and passive MeHg transport. In particular, the degree of
unsaturation of the membrane modulates its ﬂuidity, which in turn
might inﬂuence its permeability to pollutants. Indeed, DHA sup-
plementation has been found to decrease MeHg uptake in some
mammalian cell lines such as the human embryonic kidney cell
line (HEK293) (Nøstbakken et al., 2012a) and the rat C6-glial cell
line (Kaur et al., 2007) and in primary cultures of cerebellar neurons
and astrocytes from mice (Kaur et al., 2008). However, DHA supple-
mentation had no signiﬁcant effect on MeHg uptake in the Atlantic
salmon kidney cell line (ASK) (Nøstbakken et al., 2012a) and in
the rat B35-neuronal cell line (Kaur et al., 2007). Similarly, EPA
supplementation had no impact on MeHg uptake in both the ASKon cellular uptake of metals remains poorly known. Consequently,
further studies are necessary to better understand the role of the
membrane lipid composition in MeHg and Cd uptake and to deter-
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ine whether the protective effect of speciﬁc PUFA enrichment
gainst MeHg or Cd toxicity can be attributed to a decrease of the
etal uptake.
The toxicity of MeHg and Cd is mainly triggered by the induc-
ion of oxidative stress and the alteration of the ionic balance (e.g.
alcium), which can lead to apoptosis (Kidd and Batchelar, 2011;
atovic´ et al., 2015; McGeer et al., 2011). The supplementation
ith n-3 PUFAs (ALA, EPA and DHA) might have increased the RTL-
1 cell ability to cope with these adverse effects. In addition, the
act that each fatty acid treatment exerted similar factors of pro-
ection against both metals (Table 2) suggests similar mechanisms
f protection (Table 4)
Firstly, the supplementation with n-3 PUFAs could have coun-
eracted the oxidative stress induced by the metals, either directly
y decreasing reactive oxygen species production or indirectly by
nhancing the cellular antioxidant defences. For example, MeHg
nd Cd are known to directly increase the mitochondrial produc-
ion of reactive oxygen species by decreasing the activity of the
omplex IV and III of the transport electron chain, respectively
Cambier et al., 2009; Wang et al., 2004) while n-3 PUFAs can
ncrease both of them (Hagopian et al., 2010), and thus might coun-
eract the negative impact of these metals. Besides, both MeHg
nd Cd are generally known to decrease the cellular antioxidant
efences by decreasing both the reduced glutathione cellular level
nd the antioxidant enzyme activities. This results from their high
fﬁnity for thiol groups, their afﬁnity for (MeHg) or similarity with
Cd) the cofactors (e.g. manganese, selenium) of some of antioxi-
ant enzymes or their direct interactions with the catalytic sites
Cd) of some antioxidant enzymes (Casalino et al., 2002; Farina
t al., 2011; Matovic´ et al., 2015; Wang et al., 2015). The dietary
upplementation with ALA (1%) was reported to counteract the
oxic effect of a MeHg contaminated diet (5 mg/kg body weight) by
estoring the antioxidant defences and reducing lipid peroxidation
n liver, kidneys, brain, plasma and red blood cells of rats (Pal and
hosh, 2012a,b). The authors suggested that the protective effect of
LA might be due to its bioconversion into EPA, which is known for
ts antioxidant properties (through enhancing the cellular antioxi-
ant defences) (Palaniswamy et al., 2014; Shakouri Mahmoudabadi
nd Rahbar, 2014). However, our results show that the biological
mportance of ALA is not only due to its bioconversion into valu-
ble HUFAs. Indeed, in the present study, not only EPA but also ALA
nrichment protected RTL-W1 cells against MeHg and Cd toxicity
hile no signiﬁcant bioconversion of ALA into EPA was observed in
LA-enriched cells. Therefore, EPA is unlikely to be responsible for
he protective effect of ALA supplementation against MeHg and Cd
oxicity. ALA itself and/or its biotransformation products (18:4n-3,
0:3n-3) would rather be at the origin of such protection.
Secondly, the protective effect of enrichment in n-3 PUFAs
bserved in the present study might be due to a higher resistance
f the enriched cells to the apoptosis induced by MeHg and Cd.
ndeed, EPA enrichment (300 M)  has been previously shown to
igniﬁcantly reduce the apoptosis induced by 2.5 M MeHg in the
SK cell line (Nøstbakken et al., 2012a). The authors attributed
uch protection to a lower synthesis of AA-derived eicosanoids in
he presence of EPA (Nøstbakken et al., 2012a). Indeed, contrary to
PA-derived eicosanoids, AA-derived eicosanoids were reported to
ncrease the calcium intracellular level, which can induce apopto-
is (Rizzuto et al., 2003; Tokuda et al., 1992). The replacement of
A by EPA in the membrane phospholipids might favour the pro-
uction of EPA-derived eicosanoids over the AA-derived ones and
ecrease apoptosis. Since both MeHg and Cd can induce apoptosis
y increasing intracellular calcium level, a decrease of AA-derived
icosanoids might partially explain the protection observed in the
TL-W1 cells supplemented with EPA in the present experiment.
owever, further investigations are required to test this hypothesis.ogy 177 (2016) 171–181 179
Contrary to the other n-3 PUFAs, DHA enrichment had no signif-
icant impact on MeHg toxicity in the present experiment. Although
DHA is the most studied PUFA, the results of previous studies
are contradictory. Indeed, in some cellular models, DHA exposure
increased the damages induced by MeHg. For instance, DHA expo-
sure exacerbated the apoptosis induced by MeHg in the ASK cell
line (Nøstbakken et al., 2012a), enhanced the production of reac-
tive oxygen species induced by MeHg in the B35-neuronal cell line
(Kaur et al., 2007) or increased glutathione depletion due to MeHg
exposure in the C6-glial cell line (Kaur et al., 2007) and in pri-
mary cultures of cerebellar neurons (Kaur et al., 2008). However,
in other models, DHA exposure did not inﬂuence GSH depletion
induced by MeHg (e.g. in the B35-neuronal cell line (Kaur et al.,
2007) and in primary cultures of astrocytes (Kaur et al., 2008))
or even had a protective effect. In primary cultures of cerebel-
lar astrocytes and neurons, DHA exposure decreased the reactive
oxygen species production induced by MeHg (Kaur et al., 2008).
It is possible that the absence of protection conferred by DHA to
MeHg-treated cells could reﬂect the occurrence of both agonis-
tic and antagonistic actions of this PUFA. These previous results
together with our study highlight the need for additional studies to
clearly assess the role of DHA supplementation on cellular MeHg
sensitivity, particularly in ﬁsh.
Compared to the n-3 PUFAs, the enrichment in n-6 PUFAs (LA,
AA and DPA) had less impact on the cell tolerance to both MeHg
and Cd as only DPA enrichment induced protection. To our knowl-
edge, the inﬂuence of only one n-6 PUFA, AA, has previously been
investigated on MeHg toxicity (Nøstbakken et al., 2012a). In accor-
dance with our results on RTL-W1 cells, AA enrichment did not
inﬂuence MeHg uptake and apoptosis induced by MeHg in the
HEK293 and ASK cell lines (Nøstbakken et al., 2012a). The protec-
tive effect of DPA against both MeHg and Cd toxicity observed in
the present experiment is noteworthy and has, to our knowledge,
never been demonstrated before. In particular, DPA was  the only
tested PUFA that protected the RTL-W1 cells against the membrane
integrity damages induced by both MeHg and Cd. The cellular pro-
tection induced by DPA might thus have occurred through different
mechanisms than the one induced by other tested PUFAs. DPA is a
poorly studied PUFA with no clear biological role, which is rarely
found in high amounts in organisms, except in some marine algae
(Jiang et al., 2004) and fungi (Nakahara et al., 2003). Recent stud-
ies have shown that DPA may  share similar biological functions
with DHA. For instance, DPA supplementation has been recently
reported to ameliorate the plasmatic lipoprotein proﬁle of rats fed
a cholesterol-rich diet in a similar extent as a DHA supplementation
(Chen et al., 2012). Besides, the DPA level has also been reported
to increase in brain and retina of rats in case of n-3 PUFA deﬁ-
ciency, suggesting a compensatory mechanism (Nakahara et al.,
2003). However, spatial disorders were observed in rats fed a DHA
deﬁcient diet supplemented with DPA as compared to a DHA  suf-
ﬁcient diet, suggesting that DPA is not biologically equivalent to
DHA (Lim et al., 2005). Further investigations should therefore be
performed to better understand the biological functions of this n-6
PUFA and its potential protective role against MeHg and Cd toxicity.
In the present study, a higher tolerance to both MeHg and Cd was
associated with a decreased phospholipid content in 20:3n-6, the
precursor of AA via 5  desaturation. Both 20:3n-6 and AA generate
eicosanoids by oxygenation. However, the eicosanoids metabo-
lized from AA are generally considered to have pro-inﬂammatory
properties whereas the eicosanoids produced from 20:3n-6 seem
to have anti-inﬂammatory properties, as those metabolized from
EPA (Calder, 2015; Wang et al., 2012). This contrast has increased
the interest in 20:3n-6, particularly in oncology. Both anti-cancer
(decreasing cell proliferation and increasing apoptosis) and pro-
cancer properties (increasing tumour proliferation) were reported
for 20:3n-6 in the literature (reviewed by Xu and Qian (2014)).
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n addition, 20:3n-6 was reported to cause sterility in C. elegans
y inducing apoptosis in germ cells (Watts and Browse, 2006).
herefore, the apoptotic potency of 20:3n-6 might partly explain
he positive correlation observed, in the present study, between
epletion in 20:3n-6 and increase in cell tolerance to MeHg and Cd.
owever, further investigations, including medium supplementa-
ion with 20:3n-6, are needed to test the speciﬁc adverse effect of
his PUFA on the RTL-W1 sensitivity to MeHg and Cd.
The present study highlighted a correlation between the
hospholipid composition of rainbow trout liver cells and their sen-
itivity to both MeHg and Cd. At present, in vivo effects of dietary
ipids on sensitivity to metals are still poorly documented. In one
tudy, ﬁsh oil dietary supplementation has been shown to protect
ainbow trout against MeHg toxicity (Olsvik et al., 2011) compared
o vegetable oil dietary supplementation. The authors attributed
his protective impact to the high level of long chain n-3 HUFAs in
sh oil. However, oils also contain other valuable components, such
s vitamins and phenolic compounds, the concentration of which
argely depends on the oil type and brand. In vivo experiments
sing diets differing only in their lipid composition are therefore
till needed to validate the correlations observed in the present
n vitro study.
In conclusion, the present study highlighted the interest and the
ertinence of the RTL-W1 cell model to investigate the biological
oles of speciﬁc PUFAs separately. We  used this model to show that
he nature of the PUFA supply modulates ﬁsh liver cell tolerance to
etallic compounds. In particular, ALA, EPA and DPA enrichment
igniﬁcantly protected the cells against both MeHg and Cd while
HA enrichment signiﬁcantly protected the cells against Cd but
ot MeHg. In addition, AA and LA enrichment had no impact on
oth MeHg and Cd toxicity. Besides, ALA was found to have a pro-
ective effect by itself and/or through its direct biotransformation
roducts (18:4n-3, 20:3n-3), independently of its further biocon-
ersion into EPA or DHA. Taken together, these results indicate that
he nature of the PUFA supplied is an important factor inﬂuenc-
ng the tolerance of ﬁsh liver cells to both MeHg and Cd toxicity.
urther investigations should focus on the mechanisms behind the
bserved interactions. In addition, in vivo experiments with diets
iffering only by their fatty acid concentrations are required to
onﬁrm the results obtained in vitro with the RTL-W1 cell line.
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